Abstract: Pulmonary hypertension (PH) is a severe, life-threatening disease for which there are no effective curative therapies. A diverse group of agents such as prostacyclins, endothelin antagonists, phosphodiesterase inhibitors, calcium channel blockers, diuretics, inotropic agents, and anticoagulants are used to treat PH; however, none of these agents have a marked effect upon survival. Among the new agents that promise treatment of PH are rho-kinase inhibitors and soluble guanylate cyclase stimulators. Although these new classes of agents have beneficial effects in experimental animal models and clinical studies, they are not selective in their actions on the pulmonary vascular bed. This manuscript reviews the actions of rho-kinase inhibitors and soluble guanylate cyclase stimulators on the pulmonary vascular bed. It is our hypothesis that these new agents may be more effective than current therapies in the treatment of PH. Moreover, new methods in the delivery of these agents to the lung need to be developed so that their main effects will be exerted in the pulmonary vascular bed and their systemic effects can be minimized or avoided.
P ulmonary arterial hypertension (PH) is a rare disorder that without treatment is progressive and often fatal within 3 years. [1] [2] [3] [4] The most common symptom at presentation is dyspnea with other complaints including fatigue, chest pain, syncope, leg edema, and palpitations. [1] [2] [3] [4] PH is also associated with other conditions or risk factors (eg, collagen vascular diseases, portal hypertension, human immunodeficiency virus infection, drug use, toxins, dietary products, persistent fetal circulation, chronic thromboembolism, cancer, and diastolic heart failure), [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] and the incidence of this disorder is increasing.
A national registry was begun in 1981 to collect medical data from 32 centers in patients diagnosed by uniform criteria as having PH. 18 A total of 187 patients were entered into the registry with a mean age of 37 years (1-81 years) and with a female to male ratio of 1:1.7. 18 Pulmonary function studies showed mild restriction (forced vital capacity 82% of predicted) with a reduced diffusing capacity for carbon monoxide, and hypoxemia with hypocapnia. 18 The mean (ϮSD) right atrial pressure was 9.7 Ϯ 6 mm Hg; mean pulmonary artery pressure (mPAP), 60 Ϯ 18 mm Hg; cardiac index, 2.3 Ϯ 0.9 L/min ϫ m 2 ; and pulmonary vascular resistance (PVR) index, 26 Ϯ 14 mm Hg/L/min ϫ m 2 for this patient group. 18 Raynaud's phenomenon was present in 10% of the patients and most of the patients were female. 18 This National Institutes of HealthPrimary PH registry represented a very important mechanism for characterizing the disease and the efficacy of therapeutic agents. In this registry, the median survival period was 2.8 years. 19 
TREATMENT OF PULMONARY HYPERTENSION
The treatment of primary PH involves the use of a diverse group of drugs and lung transplantation. 20 -35 Agents that are used to treat PH include oxygen, prostacyclin, prostacyclin analogs, calcium channel blocking agents, phosphodiesterase (PDE 5 ) inhibitors, endothelin antagonists, diuretics, digitalis, heparin, hydralazine, and angiotensin converting enzyme inhibitors; 25,36 -40 and the development of a new class of rho-kinase (ROCK) inhibitor such as fasudil has been used in the treatment of PH in small series of patients. [41] [42] [43] Prior therapies, such as alpha-and beta-adrenergic blockers and other vasodilating agents were used without favorable results. 44, 45 To date the most effective treatment for primary PH is continuous intravenous administration of prostacyclin (Flolan). 46, 47 The concept that prostacyclin, a natural product of cyclooxygenase metabolism in the body, might have a beneficial effect in the treatment of PH was introduced when it was reported that a prostacyclin analog had unusual pulmonary vasodilator activity in the pulmonary vascular bed of the dog, and it was suggested that prostacyclin and analogs of prostacyclin might be used in the treatment of PH. 48 The pulmonary vasodilator actions of prostacyclin were characterized in the late Ј70s by Hyman et al. 48 -50 It is known that prostacyclin can improve exercise capacity and increase cardiac output. 46, 51 Prostacyclin has been used in the treatment of PH since the late 70s, 52, 53 and there are many series reporting the efficacious use of intravenous prostacyclin. 54 -59 Flolan (epoprostenol sodium) has been shown to improve exercise tolerance; however, this agent does not confer a survival benefit. 60 In these early studies, prostacyclin was given by continuous intravenous infusion requiring a pump and a long-term centrally-placed intravenous catheter. 57, 58, [61] [62] [63] [64] There can be serious side effects such as hypotension, pain, and headache that can limit the use of this agent. 46, 51 Prostacyclin and analogues can be given by other routes of administration, via inhaled [65] [66] [67] [68] [69] [70] and subcutaneous [71] [72] [73] methods, but evidence is lacking that these routes are as effective as intravenous administration. 46, 51 Interventions have also been investigated such as adrenomedullin, 74 -76 calcitonin gene-related peptide, 77, 78 and vasoactive intestinal polypeptide, 79 with the latter used in a small clinical study with positive effects. 80 Stem-cell treatments have shown experimental benefit in small clinical studies, [81] [82] [83] and it is possible that stem-cells engineered with therapeutic genes such as endothelial nitric oxide synthase (eNOS), adrenomedullin, calcitonin gene-related peptide, pituitary adenylate cyclase-activating polypeptide, or vasoactive intestinal polypeptide may be efficacious. 77, [82] [83] [84] [85] [86] [87] ROCK inhibitors are a new class of agents which may be beneficial in the treatment of PH and a variety of other cardiovascular diseases, including angina, 88 -94 heart failure, [95] [96] [97] cerebral vasospasm, 98 -101 and systemic hypertension. 102, 103 The chemical structures of currently studied ROCK inhibitors are shown in (Fig. 2) . However, with decreases in ͓Ca 2ϩ ͔ i , a decrease in MLCK activity occurs, MLC 20 -P is dephosphorylated by the action of MLC phosphatase, and VSM relaxation occurs (Fig. 2) . Therefore, the reversible phosphorylation of MLC 20 plays an essential role in the regulation of VSM contraction (Fig. 2) . 105 Studies employing permeabilized smooth muscle cells demonstrated that a G-protein-coupled mechanism is also involved in "sensitization" of the contractile proteins to Ca 2ϩ . 109 Since the discovery of this Ca 2ϩ -independent phase of vasoconstrictor tone, many studies have examined the intracellular signaling pathway that regulates Ca 2ϩ -sensitization, myosin activity, and VSM tone. 105 Moreover, alterations in this Ca 2ϩ -independent signaling have subsequently been shown to play a major role in VSM dysfunction observed in a number of cardiovascular diseases including PH. rhoA and rho-Kinase Pathway rhoA and its downstream effector, ROCK, play an important role in the pathogenesis of PH. Knowledge about this pathway has been derived from clinical studies, in vitro smooth muscle and isolated lung studies, and in chronic injury models such as chronic hypoxia-and monocrotaline-induced PH. 42, 43, [111] [112] [113] [114] [115] [116] Chronic hypoxia-induced augmentation of rhoA-and ROCK-mediated pulmonary VSM Ca 2ϩ -sensitization were associated with elevated rhoA and ROCK activity and increased ROCK expression. 111 Pulmonary VSM sensitivity to NO is enhanced in rats by chronic hypoxia, as studies have shown that chronic hypoxia mediates a shift in NO signaling to promote pulmonary VSM Ca 2ϩ -sensitization through inhibition of the rhoA/ROCK pathway. 111 Moreover, inhibition of ROCK abolishes the sustained phase of hypoxic vasoconstriction in rat pulmonary arteries and in perfused rat lungs. 112, 113 However, in the intact chest rat, the ROCK inhibitors suppress all components of the hypoxic pulmonary vasoconstrictor response. 108, [117] [118] [119] [120] In a recent study in monocrotaline-treated rats, the role of the ROCK pathway in the pathogenesis of fatal PH was investigated and results of the study indicated that the ROCK pathway was up-regulated and that treatment with a ROCK inhibitor had a beneficial effect. 114 Similar results were observed in another experimental model of monocrotaline-induced PH in rats, and that ROCK activity was observed to be up-regulated in pulmonary arteries but not in systemic vessels. 115 A recent study evaluated the role of ROCK activity in endothelial-denuded pulmonary arteries under elevated pressure conditions and observed that under chronic hypoxia conditions, ROCK inhibition produced a concentration-dependent reduction in tone but had no effect in control vessels. 116 In one clinical study, 8 female patients with idiopathic or collagen vascular disease PH underwent right heart catheterization and were treated with an IV infusion of fasudil, 1 mg/min over a 30-minute period. The infusion of the ROCK inhibitor produced significant decreases in PVR (ϳ24%) and small but significant decreases in mPAP from 41 Ϯ 13 to 38 Ϯ 15 mm Hg was observed. 42 Cardiac index increased from 2.4 Ϯ 0.7 L/min/m 2 to 2.8 Ϯ 0.8 L/min/m 2 . Systemic vascular resistance and systolic systemic arterial pressure (SAP) were decreased, but the decrease in the latter was small. 42 In a second clinical study, 9 patients with PH underwent right heart catheterization and were administered IV fasudil, 30 mg over a 30-minute period. 43 In this study, a significant decrease in PVR (ϳ17%) was also observed in this group, along with an observed increase in cardiac output, but without a significant change in SAP. 43 These findings suggest that when ROCK is up-regulated in the lung, a selective decrease in PAP could be observed. 42, 43 
Y-27632
Although it is known that Y-27632 decreases PAP in rodents with monocrotaline-and chronic hypoxia-induced PH and that the response to acute hypoxia is reversed, 108, 110, 111, [121] [122] [123] [124] [125] [126] [127] [128] [129] less is known about responses to this ROCK inhibitor when tone is increased on an acute basis with vasoconstrictor agonists. Activation of the thromboxane receptor to induce VSM contraction has been suggested to occur through activation of ROCK. 130 Moreover, responses to Y-27632 have not been compared in the pulmonary and systemic vascular beds in an intact animal preparation. 114, 122, 125, 131 In experiments in the intact chest rat, the administration of Y-27632 decreased PAP and SAP in a dose-related manner. 117 Inasmuch as cardiac output was not decreased and left ventricular end-diastolic pressure, as a measure of left atrial pressure, was unchanged; the decreases in pressure reflect decreases in PVR and systemic vascular resistance. The decreases in PAP were modest under baseline conditions, reflecting the low level of tone in the pulmonary vascular bed and were similar to responses to other vasodilator agents under baseline tone conditions. 117 However, when baseline tone was increased with U-46619 infusion, the IV injections of Y-27632 produced larger dose-dependent decreases in PAP. These data are in agreement with the observation that the vasoconstrictor effect of thromboxane receptor activation is dependent upon ROCK activation. 132 Studies have examined the role of thromboxane-induced vascular resistance in an isolated lung preparation in the rat, and following ROCK inhibition with Y-27632, attenuated pulmonary vasoconstrictor responses to the thromboxane mimic, U-46619, were observed. 133 These studies are in agreement with other studies showing that Y-27632 and fasudil caused complete relaxation of U-46619-induced vasoconstriction in human internal mammary arteries, 134 whereas Y-27632 could only partially inhibit U-46619-induced contractions in bovine middle cerebral arteries. 135 Additionally, the effects of acute hypoxia on the pulmonary vascular bed and the response to Y-27632 during acute hypoxia were also investigated in the intact chest rat model. Ventilation with the 10% O 2 /90% N 2 gas mixture increased PAP. 117 SAP and cardiac output were decreased and cardiac output returned back towards control values during the period of hypoxia. The administration of the potent ROCK inhibitor, Y-27632, reversed the pulmonary hypertensive response to acute ventilatory hypoxia. Moreover, prior administration of Y-27632 before ventilation with the hypoxic gas mixture prevented the increase in PAP in response to hypoxic gas ventilation. 117 The decreases in PAP and SAP in response to Y-27632 and to fasudil were compared in U-46619-infused animals, and showed that the dose response curves for fasudil are approximately one half log unit to the right of the curves for Y-27632, indicating greater potency for Y-27632, and that both agents have similar efficacy and similar effects on the pulmonary and systemic vascular beds in the rat. 117 The observation that Y-27632 promoted vasodilation under resting and under enhanced tone conditions provides support for the hypothesis that the ROCK Ca 2ϩ sensitization pathway is tonically active under physiologic conditions. The data indicate that the relative decreases in PAP and SAP under elevated tone conditions are similar, suggesting that ROCK-mediated Ca 2ϩ sensitization plays an important role in both vascular beds and that the highly selective ROCK inhibitor, Y-27632, does not have selective pulmonary vasodilatory activity in the intact chest rat under physiologic conditions. 117 Finally, the observation that Y-27632 can promote vasodilation when tone is increased by diverse mechanisms, may in part explain the beneficial effects of ROCK inhibition in the treatment of cardiovascular diseases including PH.
These data are in contrast with other studies that have shown that the ROCK inhibitor, fasudil, has selective vasodilator activity in the rat, but without decreasing SAP. 115 In this study of monocrotaline-induced PH in rats, decreases in the PAP were seen in response to fasudil without a decrease in SAP. 115 In another study in a hypoxic-induced PH model, the short-term inhalation of Y-27632 produced decreases in mPAP without reducing mSAP, suggesting selective pulmonary vasodilator activity, whereas in the same study, acute oral administration of Y-27632 produced sustained decreases in both mPAP and mSAP. 108 These data suggest that when delivered locally to the lung by aerosol, a selective pulmonary vasodilator response could be achieved. 108 However, in studies with hypoxic ventilation, decreases in both PAP and SAP were observed and there was no selective effect. 117 Studies with novel ROCK inhibitors will be needed to produce a selective vasodilator effect.
SB-772077-B
The novel ROCK inhibitor, SB-772077-B, has potent vasodilator activity in the pulmonary and systemic vascular beds in the rat and this ROCK inhibitor is shown to be more potent than the first generation ROCK inhibitors, Y-27632 or fasudil in U46619-infused animals. 118 This novel aminofurazan-based ROCK inhibitor had a beneficial effect in monocrotaline-induced PH, and animals treated with SB-772077-B for 21 days had significantly lower PAPs compared with untreated control rats. 118 The effect of SB-772077-B in monocrotaline-treated rats with PH is shown in Figure 3 where it can be seen that the ROCK inhibitor did not have a selective vasodilator effect in the pulmonary vascular bed. The comparison of responses to SB-772077-B in control and monocrotaline-treated animals can provide an estimate of the amount of reversible and fixed vasoconstrictor tone in the pulmonary vascular bed in animals with PH. 118 The intravenous injection of 300 g/kg SB-772077-B reversed the PH response to U46619 infusion, L-NAME (N G -nitro-Larginine methyl ester) treatment, and ventilatory hypoxia, whereas in monocrotaline-treated animals, the IV injection of the ROCK inhibitor decreased PAP to 28 Ϯ 2 mm Hg. 118 These data suggest that approximately 60% of the vasoconstrictor tone is mediated by a SB-772077-B reversible mechanism in the monocrotaline-treated animal, and approximately 40% of the vasoconstrictor tone may represent fixed resistance, consistent with studies with fasudil in which right ventricular systolic pressure was measured. 122 The data in Figure 4 show that SB-772077-B had potent pulmonary vasodilator activity when NO formation was inhibited and endothelial dysfunction was induced by L-NAME.
Recent studies have provided evidence that ROCK-mediated calcium sensitization plays an important role in the regulation of vasoconstrictor tone in the pulmonary vascular bed. 119, 120 In addition to reversing PH responses to U46619, L-NAME, and ventilatory hypoxia, SB-772077-B decreased PAP in monocrotaline-treated rats with PH in which endothelial function is impaired. 136 These data are consistent with the hypothesis that the ROCK inhibitor can reverse PH independent of the mechanism used to promote vasoconstriction, including L-NAME-induced endothelial dysfunction (Fig. 4) . The observation that increases in PAP in response to Bay K 8644 are attenuated by the ROCK inhibitor suggest that vasoconstrictor responses can be suppressed independent of the mechanism used to increase intracellular calcium levels. 118 The intravenous injections of SB-772077-B in animals with monocrotaline-induced PH decreased PAPs and SAPs. 118 The comparison of decreases in PAP and SAP in the PH animals indicates that SB-772077-B does not have selective pulmonary vasodilator activity. 118 Studies on the role of ROCK in the regulation of vasoconstrictor tone have been aided by the development of selective ROCK inhibitors. Results with the prototypical inhibitors, fasudil, and Y-27632, have provided support for the concept that ROCK plays an important role in the regulation of baseline tone and vasoconstrictor responses in the pulmonary vascular bed.
119,120,125 SB-772077-B is a member of a novel class of aminofurazan-based inhibitors with anti-inflammatory activity and enhanced potency and selectivity for ROCK 1 and 2. 104 The intravenous injections of SB-772077-B decreased PAPs and SAPs and increased cardiac output. Inasmuch as left ventricular end-diastolic pressure is not changed, these data indicate that SB-772077-B has significant vasodilator activity in the pulmonary and systemic vascular beds. 118 The decreases in PAP were modest under baseline conditions when vasoconstrictor tone was low, but were enhanced when PVR was increased, and these data are similar to studies with PGI 2 and other vasodilator agents in the pulmonary vascular bed. 49, 119 Under elevated tone conditions, SB-772077-B was more potent than the prototypical inhibitors in decreasing PAP and SAP. Although dose-response curves for the novel aminofurazan inhibitor were 1 half-log unit and 1 log unit to the left of curves for Y-27632 and fasudil, the 3 agents decreased PAP and SAP in a similar nonselective manner and had similar efficacy.
rho-Kinase Inhibitor Studies Summation
New information from recent studies is that administration of the ROCK inhibitor Y-27632 has vasodilator activity in the pulmonary and systemic vascular beds under normal physiologic conditions. Moreover, pulmonary vasodilator responses to Y-27632 are enhanced when baseline tone is increased by either the thromboxane A 2 agonist, U-46619, or by the nonselective NOS inhibitor, L-NAME, and that the ROCK inhibitor prevents or reverses the response to acute hypoxia. 117 The results with the NOS inhibitor indicate that NO plays an important role in the maintenance of baseline tone and in modulating the response to hypoxia in the pulmonary vascular bed. Comparison of the relative decreases in PAP and SAP under elevated tone conditions indicates that the ROCK inhibitor has similar vasodilator activity in the pulmonary and systemic vascular beds. 117 The results of the present study show that chronic administration of SB-772077-B has a beneficial effect in the treatment of monocrotaline-induced PH. 118 In addition, this novel ROCK inhibitor had potent vasodilator activity in the pulmonary and systemic vascular beds and decreased PAP in monocrotaline-treated animals in a nonselective manner. The present data show that SB-772077-B attenuates pulmonary vasoconstrictor responses mediated by diverse mechanisms, including G-coupled receptor activation, enhanced calcium entry, hypoxia, and NOS inhibition. 118 Although SB-772077-B was more potent than the prototypical ROCK inhibitors fasudil and Y-27632, it was similar to these agents in that it does not have selective vasodilator effect in the pulmonary vascular bed. The experiments with SB-772077-B indicate that approximately 60% of the PH response to monocrotaline can be reversed by the ROCK inhibitor and that this represents the reversible component of PH in the monocrotaline-treated rat. 118 The present data suggest that chronic administration of SB-772077-B would be useful in the treatment of PH disorders, although this agent does not have selective pulmonary vasodilator activity. The results with the 3 different ROCK inhibitors show that this class of agents can promote vasodilation independent of the mechanism that induces vasoconstriction and will be useful in conditions in which endothelial function is impaired.
Calcium Entry Blocking Drugs
Hypoxia is the major cause of PH and right ventricular hypertrophy in chronic obstructive pulmonary disease, cystic fibrosis, kyphoscoliosis, high-altitude sickness, as well as seen in obesity-hypoventilation and sleep apnea syndromes. 137 PH results from chronic vasoconstriction from hypoxia resulting in muscular hypertrophy in the pulmonary arteries and arterioles. 137 However, these pathologic changes may regress if alveolar hypoxia can be corrected. 137 Although administration of oxygen therapy helps reverse hypoxic pulmonary vasoconstriction, patient noncompliance with oxygen therapy makes it difficult to achieve continual relief of alveolar hypoxia. Experimental findings indicate that hypoxic pulmonary vasoconstriction requires calcium influx and can be inhibited by certain slow-channel calcium blockers. 137 Calcium entry blocking drugs are the least intrusive drugs that could be used in the treatment of PH, 138 and studies have shown significant unloading of the right ventricle without extensive remodeling of the pulmonary vascular bed. 139 Isradipine has potent vasodilator activity, but will produce systemic hypotension when systemically administered. 119, 120 In a small clinical study with isradipine following 3 weeks of the treatment, a significant increase in the maximum power working capacity and performance were observed. Moreover, following 6 months of the treatment, there were positive trends in gas exchange: anaerobic threshold became higher and maximum oxygen consumption improved.
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Soluble Guanylate Cyclase
Direct stimulation of soluble guanylate cyclase (sGC) represents a promising therapeutic strategy for the treatment of PH. 141 Riociguat, a potent sGC stimulator, has an improved pharmacokinetic profile and has positive effects on pulmonary hemodynamics and exercise capacity in patients with PH. 141 Riociguat is currently being investigated in phase III clinical trials for the oral treatment of PH. The results of these studies show that PVR is decreased and cardiac function is improved in patients with moderate-to-severe PH. Riociguat offers great therapeutic potential as a treatment for patients with pulmonary vascular disorders, but does not have selective pulmonary vasodilator activity.
37,142
Nanoparticle Administration of rho-Kinase Inhibitors
Drug administration by inhalation is of interest to pulmonary medicine, and aerosol administration is an established method for the delivery of drugs to the lung for restrictive lung diseases such as asthma, chronic obstructive pulmonary disease, or bacterial infections of the lung. Beneficial features of inhalation therapy that are unique to the respiratory tract include the presence of a large surface area, short diffusion distances, and high blood perfusion. Recently, research on inhalation therapy with the use of nanoparticles (1 billionth of a meter) has focused on the technology of aerosol science (solvent delivery vehicles) and these findings support our hypothesis that the inhalation delivery of a nanoparticle particle containing a ROCK inhibitor to the lung would be useful in the medical management of PH.
The development of drug delivery mechanisms to get drugs across cell membranes and into cells could be an advantage especially in pulmonary arterial smooth muscle cells where Ca 2ϩ -sensitization occurs. However, drug nanocarriers must be manufactured from biocompatible and biodegradable materials, and their quality, safety, and efficacy must be clearly demonstrated in preclinical animal studies measuring long-term outcomes and in carefully controlled clinical studies before widespread application in clinical medicine. Solid polymeric nanocarriers for insulin have been prepared from sodium cholate or soybean phosphatidylcholine and were observed to have a 4-fold higher bioavailability when compared with subcutaneous application in a diabetic animal model. 143 Inhaled phospholipid nanocarriers have been shown to provide a controlled release of the encapsulated insulin. 144 However, future experiments with longterm exposure in other animal models will need to show the therapeutic benefit of this strategy and minimal side effects of these nanocarrier molecules before bioavailability experiments in humans can be performed. It is our hypothesis that ROCK inhibition in the pulmonary circulation through the use of inhaled nanoparticleencapsulated fasudil administered to the lung could promote selective pulmonary arterial vasodilation, reduce the development of pulmonary arterial muscularization and the development of right ventricular hypertrophy, 3 important findings in patients with PH. Moreover, the use of this novel technology could lead to more effective treatment modalities in the medical management of PH with a reduction in systemic effects.
SUMMARY
These findings suggest that ROCK mediated calcium sensitization is a constitutively active process that plays a major role in the physiologic regulation of vasoconstrictor tone in the pulmonary and systemic vascular beds and in mediating pulmonary vasoconstrictor responses. The observation that ROCK inhibitors promote vasodilation when tone is increased by diverse mechanisms including NOS inhibition may, in part, explain the beneficial effects of ROCK inhibitors in cardiovascular diseases and other disorders including PH, in which endothelial dysfunction is present and vasoconstrictor tone is increased by diverse mechanisms which increase intracellular Ca 2ϩ concentrations. Moreover, many studies suggest that the rhoA/ ROCK pathway has an important role in the early adaptive response of VSM under elevated tone conditions and support our hypothesis that inhibition of ROCK will promote vasodilation independent of the mechanism used to increase intracellular Ca 2ϩ levels and induce vasoconstriction. It is our hypothesis that new agents like ROCK inhibitors and sGC stimulators such as riociguat which can activate sGC and promote pulmonary vasodilation when the heme iron moiety of sGC is oxidized or lost from the enzyme, will prove more effective than currently used agents in the treatment of PH. However, these new agents produce systemic hypotension and new routes and methods of administration, such as delivery of nanoparticles by inhalation that will produce a selective effect in the lung, will have to be developed.
